Abstract. The electric field induced by a microelectrode inserted in a nerve cell is investigated in order: to interpret the results obtained by the single and double probe techniques. The solution is obtained by means of a singular perturbation expansion in terms of the ratio of the membrane conductance to the cell conductivity. Both finite and infinite cells are considered and special attention is devoted to the spherical and cylindrical geometries.
1. Introduction. Nerve cells, like other cells which make up the tissues of animals, consist of material suspended in a salt solution surrounded by a thin membrane, typically 10 cm thick. The primary function of the membrane is to maintain a constant chemical and physical environment within the cell by isolating the cell interior from its surroundings. Thus, cell membranes are invariably quite impermeable to the movement ofthe solute molecules commonly found in biological systems. In particular, the membranes have low permeability to ions, and thus can be described electrically as having very small specific conductivity (typically, 3 10-lo ohm-1 cm-1). However, the thinness of the membrane implies that the conductance of one square centimeter of membrane, called the membrane conductance G,, in the physiological literature (the reciprocal being the membrane resistance Rm), is small but not negligible, namely some 3 10 -4 ohm-1 cm-2.
Similarly, the thinness of the membrane means that the capacitance of the membrane (usually about #F/cm2) is appreciable. Thus, small but significant amounts of current, either ionic (that is, resistive) or capacitive, can cross the membrane. The flow of these currents within cells and from cell to cell is of great importance for the function of many living systems" (i) The signal which initiates muscular contraction is electrical [17] .
(ii) Embryonic cells and the epithelial cells which make up most secretory organs have specialized regions of membrane which allow current to flow from one cell to another. The significance of this electrical coupling is not well known [13, [9] , [4] .
(iv) Signaling and information processing in the nervous system are essentially electrical in nature [11] , [123. Thus, the study of the electrical properties of cells is of considerable biological significance.
Experimental procedures which record the natural electrical activity of cells must preserve the integrity of the cell, that is to say, the procedures must not destroy the isolation of the cell interiQr from the outside world. Thus, the probes which record this activity must be so small that 
V'.j' Q, where Q is the source distribution. Introducing the potential V' defined by (3) E'= V'V', we can express the continuity of current at the membrane as follows:
Gn. V'V' GmV' where n is the unit outward normal and Gm is the conductance of one cm assumed that the potential outside the cell is constant, equal to zero the validity of this assumption is discussed by Rall [14] , [15] .
Throughout this paper we shall restrict our attention to a point source of current which, in addition to providing a good approximation for the micropipette, yields the Green's function for this class of problems.
Let us introduce dimensionless variables (unprimed) in an obvious way associated with the apparent orders of magnitude inside the cell,
where is a typical cross-sectional length (in m) and q a measure of the strength of the current distribution (in amp/m). As a result, the problem becomes V2V= 6(r-R) inD, In the present paper we propose to develop a procedure for solving (5) for rather general cell geometries, based on the smalliaess of e. It should be noted that a regular perturbation expansion is not possible. Indeed, if such an expansion existed, its first term, say v, would have to be a solution of the following problem:
V2v 6(r R) inD, (7) c3v/c3n 0 on F.
But the above problem has no solution: it is physically impossible to have a source of current within the cell and no flow of current across the membrane! 3. Finite cells. It seems evident that the difficulty with the previous expansion is that the estimate of the order of magnitude of V is incorrect; in order to drive a current across a highly resistive membrane a large potential must build up inside the cell. The following form of expansion leads to a consistent set of approxima- 
(3V()/c3n 0 on F.
The most general solution is (10) V()= C, From the boundary condition for V (1) we therefore deduce that (13) C l/A, where A is the area of the membrane. It should be noted at this stage that (11) specifies V (1) only to within an arbitrary constant. Just as for V(), the indeterminacy in V (1) is removed by considering the next order field. Indeed, the boundary value problem for V(2),. viz. (14) implies that
We can now rewrite the problem for V (1) thus"
Similarly, the problem for the higher order terms is
for n 2,3,.... The above sequence of problems enables us to give a simple physical interpretation of the various contributions to the potential. V () represents a constant potential independent of position. V (1) represents the field produced by a point source of current within a cell surrounded by a membrane which allows all the current to flow uniformly across its entire surface. This problem introduces the singularity in potential which must be present according to the original problem.
V(2), V(3), represent potential corrections due to current distributions on the membrane with zero surface averages. As a result, these higher order corrections produce no current efflux. Indeed, the In addition, it can be used to derive the average potential on a disc source of current [7] which would correspond to the potential recorded by the single probe cV (4) (V (3) cV (2) cV (1) The boundary value problem for V 1) can now be rewritten thus"
AV ( The solution to the above problem can be expressed by an eigenfunction expansion"
where (52) U(ml,
/ ( Making use of (49), we deduce that
V (1) . (1) e---+ O(e5/2).
The far field is independent of 0 but it displays a dependence on r, the distance of the source from the axis (cf. (77)). 
